Only a few adaptive mechanisms by which the body responds to hypoxia are at present understood well enough to be quantitatively examined and evaluated. Among these are the alterations that occur in the pulmonary ventilation, the acid base balance of the blood and the oxygen carrying capacity of the blood. It is the purpose of this paper to compare the adaptive value of these adjustments, as judged by their effectiveness in raising the partial pressure of oxygen in blood and tissues, in two types of hypoxia 1) that arising from chronic exposures to a low Po2 in the environment (altitude hypoxia) and 2) that arising from the presence of a right to left shunt in the circulation (shunt hypoxia). We shall attempt to show that although the changes which occur in these two types of hypoxia are qualitatively similar in some respects, there are important quantitative differences in their adaptive value. We shall also present evidence that in the case of shunt hypoxia there is no reduction in the basal oxygen requirement of the body. For previous work by other authors pertinent to our general subject see references 1 through 4. More detailed data and a description of methods used in this investigation may be found in references 5 through 8.
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Pulmonary ventilation
Numerous investigators have shown that individuals who are chronically hypoxic from prolonged residence at high altitudes have an increased ventilation which is greater the higher the altitude. There is evidence in the literature that 1This study was supported by funds provided under contract AF 18 (600) -342 with the USAF School of Aviation Medicine, Randolph Field, Texas. 2 Present address: Department of Pediatrics, Syracuse Memorial Hospital, Syracuse 10, New York. 8 Present address: College of Medicine, University of Florida, Gainesville, Florida. individuals who are hypoxic because of circulatory shunts also ventilate more than normal.
We have measured the total resting ventilation of individuals with shunt hypoxia and have confirmed the presence of hyperventilation (6) . In a smaller number we have made measurements of the resting alveolar ventilation. The results are shown as points in Figure 1 . For comparison a curve previously published by Rahn and Otis (9) and indicating the magnitude of alveolar ventilation as a function of alveolar Po2 in healthy individuals who had lived at altitude for relatively extended periods is also shown. Although our data show a rather large variation among individuals 50 The interrelationship among these variables is graphically presented in Figure 3 on the pH-bicarbonate diagram of Davenport (10) . The data are widely scattered and values from the nonhypoxic and hypoxic groups overlap to some extent but the points representing the hypoxic group tend to fall in the region of the chart below the normal pH and below the normal buffer line, and so indicate metabolic acidosis. The large circles on the chart labelled 1.0, 0.8, 0.6, 0.4 are calculated from the regression equations for 100 per cent, 80 per cent, 60 per cent, and 40 per cent saturation, respectively, and their position indicates a tendency for metabolic acidosis to increase progressively with hypoxia. The position of the triangle represents the acid-base picture of residents at high altitude who have a per cent saturation of about 75 (11) . There is no doubt that the average congenital cyanotic individual in our group has a different acid-base adjustment than the altitude dweller with a similar degree of hypoxia. Figure 2 indicates that the alkali reserve of individuals with shunt hypoxia tends to be reduced in proportion to the degree of hypoxia but to a less extent and for a different reason than is that of altitude dwellers who are chronically hypoxic to a similar degree. Our subjects tend to maintain an alveolar Pco2 of about 40 mm. on the average, whereas the hypoxic altitude dweller has a much lower Pco2. Consequently, the average congenital cyanotic individual appears to be in a state of metabolic acidosis which is only partially compensated by an increased ventilation. Such a tendency toward metabolic acidosis in congenitally cyanotic individuals has been reported previously by Morse and Cassells (12) .
ADAPTIVE VALUE OF RESPIRATORY ADJUSTMENTS TO HYPOXIA
The acid-base picture in chronic altitude hypoxia is, by contrast, one of compensated respiratory alkalosis. This situation enables the mountain dweller to load his arterial blood at a relatively high Po2 and at the same time to maintain a normal pH.
Although the mechanisms and the sequence of events involved in the acid-base adjustments to altitude hypoxia seem reasonably well understood, the same cannot be said for the individual who is hypoxic from congenital heart disease. It is not clear, for example, why the respiratory center does not respond sufficiently to relieve the acidosis that tends to be present in these individuals. Regardless of its origin it may be that an acidosis is of advantage to the congenital cyanotic because it would tend to aid in the unloading of oxygen in the tissues without hindering to a comparable degree the loading of oxygen in the lungs. Reference to the nomograms of Dill, Talbott, Consolazio, and Edwards (11, 13) will make this clear.
Consider an individual whose arterial saturation is 65 per cent because of the presence of a right to left shunt. The blood leaving his lungs will be almost completely saturated (say 97 per cent) whatever the pH, since the Bohr effect is very small at high saturations. If the pH of the mixed arterial blood beyond the shunt were 7.4 the Po2, at 65 per cent saturation, would be 34 mm. On the other hand if the pH were 7.25, the Po2 at the same saturation would be 39 mm. The Po2 of mixed venous blood leaving the tissue would be affected to about the same degree, and we may conclude that the presence of the acidosis resulted in delivery of 02 to the tissues at a pressure about 5 mm. higher than would have occurred at a normal pH.
Thus it appears that the acidosis observed in some congenital cyanotic individuals may be considered as an advantageous adaptation insofar as delivery of 02 to the tissues is concerned, although it may of course be disadvantageous in other regards.
One might ask whether acidosis would similarly be of benefit in altitude hypoxia. The answer seems to be that it would not, because in the hypoxia of high altitude the blood leaving the lungs is at a relatively low saturation and the Bohr effect would hinder the loading of 03 in the lungs sufficiently to offset any advantage to unloading in the tissues.
This can be illustrated by a specific example again with reference to Dill, Talbott, and Consolazio's (11 ) nomogram. Consider an individual at altitude, who has an oxygen carrying capacity of 30 volumes per cent, who is ventilating at such a rate that his arterial Po2 is 33 mm., and whose A-V oxygen difference is 5 volumes per cent. At pH 7.4 the arterial saturation will be 65 per cent and the mixed venous saturation 48 per cent corresponding to Po2's of 33 mm. and 25 mm., respectively. At pH 7.25 the arterial saturation will be 56 per cent and the mixed venous saturation 40 per cent corresponding to Po2's of 33 and 25 mm., respectively. Thus an acidosis is evidently of no advantage to the delivery of 02 in the case of altitude hypoxia.
The increase in oxygen carrying capacity with chronic hypoxia It is well known that individuals who are chronically hypoxic tend to develop a polycythemia with a concomitant increase in the oxygen carrying capacity of the blood. The mechanism by which the increased hemoglobin is brought about is still obscure, nor is there general agreement as to its importance in the overall picture of acclimatization (14) .
Data showing the magnitude of the increase in oxygen carrying capacity of the blood in man residing at various altitudes have been summarized by Hurtado (15) . In Figure 4 we have plotted these data to show the oxygen carrying capacity as a function of the per cent saturation of the arterial blood. It is evident that an excellent linear relationship exists, the equation for the straight line being C max = 67.1 -0.476 Sa, The straight line in Figure 5 was fitted to the points representing saturations of 75 per cent or above, and conforms to the equation C max = 54.3 -0.39 Sa.
(3)
The curved line in Figure 6 was derived from the straight line in Figure 5 and In Figure 5 it is interesting that the points representing saturations less than 70 per cent fall for the most part below the straight line. This suggests the possibility that hypoxia more severe than that represented by a saturation of 70 per cent fails to stimulate any further increase in hemoglobin. (4) . Thus the majority of the evidence indicates that no diminution in basal oxygen requirement occurs in chronic hypoxia resulting from congenital cyanotic heart disease, but the question is of such fundamental importance that we decided to satisfy our curiosity by measurements of our own.
None of the above mentioned investigators made measurements of oxygen consumption on a control group of acyanotic individuals but used "standard values" for comparison. Consequently, for our own investigation we decided to include a suitable control series.
Our chronically hypoxic series consisted of 42 individuals with cyanotic congenital heart disease. The arterial oxygen saturation in this group ranged from 61 per cent to 93 per cent and averaged 83 per cent. Our control series was composed of 45 individuals with non-cyanotic congenital heart disease, and arterial oxygen saturations of 94 per cent or higher. Various age groups were represented in both series. The measurements of oxygen consumption were made in connection with the procedure of cardiac catheterization which was being performed for diagnostic purposes. The subjects, who were in a fasting state, had received shortly before the procedure premedication consisting of morphine sulfate, 1 mg. per 5 Kg. body weight and scopalamine, 0.05 to 0.1 mg. per 5 Kg. body weight, and in the age groups up to 15 years NembutalS suppositories, 2 mg. per Kg. body weight. The patients over 15 years usually received NembutalO orally in a dose of 0.1 gm. Oxygen consumption measurements were based on the analysis of expired gas collected in a 100-liter recording spirometer. After two or three preliminary wash-out periods, the final collection was made during a 3-minute period. Analysis of the expired gas was performed on the Scholander (19) apparatus. Body surface area was estimated from height and weight according to Dubois (20) . Oxygen saturation was determined by a modification of the Nahas (21) technique on blood samples drawn by arterial puncture.
RESULTS
Since it is well known that the resting oxygen consumption per square meter of surface area varies considerably with age, allowance for this was made in the interpretation of our data. The subjects in each series (acyanotic and cyanotic) were divided into five age groups and the mean oxygen consumption was determined for each group. The results are represented graphically in Figure 7 . Data from Robinson (22) for the resting oxygen consumption of normal males of comparable ages are also shown for comparison.
It is clear that up to age 20 our data for both the cyanotic and acyanotic series agree remarkably well with those of Robinson. In the higher age groups, however, our values, while still showing no significant difference between cyanotic and acyanotic patients, deviate significantly from those of Robinson's. We are not certain as to the explanation for this discrepancy, but offer the suggestion that the older age groups were not as completely relaxed during the procedure partly perhaps because of less effective sedation and partly because of greater apprehension arising from more awareness of the potential hazards of cardiac catheterization.
At any rate, the important fact from the point of view of the present investigation is that there is no significant difference between the oxygen con- We have deliberately omitted any consideration of cardiac output because, in the case of shunt hypoxia, there is not sufficient information available as to how an alteration in cardiac output is distributed between systemic and pulmonary flows when a shunt is present (4, 18) .
Adaptations are, by their nature, compromises in that concessions must be made in return for the advantages gained. For example, there is evidence that polycythemia is a predisposing factor in the formation of pulmonary and cerebral thrombi (24, 25) . The importance and probability of occurrence of such undesirable effects must of course be taken into account in any complete evaluation of an adaptive mechanism, especially when individual cases are concerned.
SUMMARY
Although an increased pulmonary ventilation is an important adaptation to altitude hypoxia, it is of negligible value in raising the Po2 of the body itn shunt hypoxia. It may be of importance in the optimal regulation of acid-base balance in the latter instance however. In chronic altitude hypoxia the usual acid-base balance is one of compensated respiratory alkalosis. In shunt hypoxia there is a tendency for metabolic acidosis to be present. This may be of advantage in aiding the unloading of oxygen from blood to tissues. Polycythemia, which is usually present in both altitude and shunt hypoxia, is a more effective adaptation in the latter type because here it can raise the arterial as well as the mixed venous Po2. The basal oxygen requirement of individuals with shunt hypoxia does not appear to be lower than the normal.
